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ABSTRACT: The aim of this study was to enrich the composition of anaerobic digester sludge in terms of nitrogen and phosphorus by struvite (MgNH 4 PO 4 ) formation. Waste activated sludge was anaerobically digested in batch reactors under the conditions that the minimum stoichiometric requirement for struvite formation was satisfied in all reactors. For this purpose, different amounts of magnesium (Mg 2+ ) and phosphate (PO 4 32 ) ions were added initially to the batch reactors. Introduction Large-scale wastewater production is an inevitable consequence of contemporary societies. Wastewater is typically hazardous to human populations and the environment and must be treated before its disposal into streams, lakes, seas, and land surfaces. Waste activated sludge (WAS) is generated by the operation of conventional aerobic biological wastewater treatment plants (WWTPs). The WAS treatment and its disposal is receiving increasing attention as the amount of sludge produced in WWTPs increases, as the criteria for WWTP effluent becomes more stringent, and as the number of new treatment facilities continues to increase (Bolzonella et al., 2007) . The total amount of sludge produced in the 15 European Union countries in 1999 was approximately 7 million tons of dry matter (European Commission, 2001 ), while the United States produced an estimated 7 million dry metric tons that same year (U.S. EPA, 1999) . The WAS contains significant amounts of organic material, nitrogen, phosphorous, and trace elements ( Table 1 ). The composition of WAS indicates that it can be viewed as a source of different valuables and/or as a threat to the environment (Harremoes, 1996) .
The anaerobic digestion of WAS in domestic WWTPs is a conventional technique to reduce the volume and stabilize the sludge before its use in land applications. This technique also can be profitable, if the produced biogas is collected and used. The application of WAS has been recommended to improve the chemical and physical properties of soil (Debosz et al., 2002; Wong and Su, 1997) and plant growth (Wang et al., 2003) . Indeed, WAS has been used widely in various forms for land application in many countries. According to U.S. Environmental Protection Agency (Washington, D.C.) (U.S. EPA, 1999) estimates, 41% of the wastewater sludge produced in the United States in 1998 was applied to land.
However, the long-term land application of wastewater sludge and compost from waste materials may be limited by accumulation of harmful heavy metals and pathogens in soil (Stabnikova et al., 2005) and by contamination of the surface and subsurface waters with nutrients, especially with phosphorus (Celen et al., 2007) . There are two major approaches to solve the contamination problem of receiving environments by nutrients based on the removal of phosphorus using chemical or biological techniques versus the recovery of phosphorus by solubilization of sludge using physical, mechanical, biological, or chemical methods. However, there may be another approach aimed at the removal of phosphorus during anaerobic digestion of sludge by fixing the major form of phosphorus, which is orthophosphate, in the form of insoluble phosphate (PO 4 32 )-containing species, such as magnesium ammonium phosphate (MgNH 4 PO 4 ?12H 2 O), which is commonly named as struvite. Considering the composition of struvite, fixing the PO 4 32 ion also helps to decrease the concentration of ammonium (NH 4 + ) in the system, which is another nutrient that contaminates water resources.
The release of nitrogen and phosphorus during anaerobic digestion was reported by different researchers (Cheng and Liu, 2002; Martin et al., 2003; Noike et al., 2004) . For example, up to an 81% increase in ammonia-nitrogen (NH 3 -N) and a 61% increase in the total phosphorus concentration was measured in the supernatant of a conventional anaerobic digester, in which dairy manure was the substrate (Demirer and Chen, 2005b) . The increase in nutrient concentration is attributed to the anaerobic bioconversion of proteins and solids. The low treatment efficiencies for total Kjeldahl nitrogen and total phosphorus also are expected, as anaerobic digesters are known to reduce negligible amounts of nutrients (Lusk, 1998) . As a result, effluent from the anaerobic digesters needs to be further treated in the plant to prevent eutrophication (extraordinary growth of algae as a result of excess nutrients in water bodies) of rivers, lakes, and seas (Lau et al., 1997; Trepanier et al., 2002) . There are many studies investigating the potential of struvite formation in the effluent of anaerobic digesters for the removal and recovery of nutrients (Altinbas et al., 2002; Battistoni et al., 2000; Burns et al., 2001; Li et al., 1999; Munch and Barr, 2001; Nelson et al., 2003; Schuiling and Andrade, 1999; Tunay et al., 1997; Uludag-Demirer et al., 2005; Zdybiewska and Kula, 1991) , but few have attempted to promote the formation of struvite inside the digesters. There are only two studies reported in which struvite precipitation was carried out during anaerobic digestion of food waste and dairy manure in a digester, by Lee et al. (2004) and Uludag-Demirer et al. (2007) , respectively. Lee et al. (2004) reported that struvite precipitation obtained by the addition of magnesium (Mg 2+ ) during anaerobic digestion led to 67% nitrogen and 73% phosphorus removal. Uludag- Demirer et al. (2007) reported that anaerobic reactors supplemented with struvite-precipitating chemicals removed considerable amounts of NH 3 (10 to 23%) relative to the control reactor. They further noted that this is a clear indication of the possibility of using anaerobic digesters for forced struvite precipitation.
There are several advantages associated with controlled struvite formation in an anaerobic digester, such as N Controlling the formation of struvite in the anaerobic digester may stop a struvite-depositing problem in hydraulically significant points, such as the pipeline and valves of the reactor; and N The removal of NH 4 + and PO 4 32 ions can be achieved in situ, as they are released during anaerobic digestion.
The quality of the anaerobically digested WAS can be improved by mixing it with a less soluble, slow-release mineral, such as struvite (Beal et al., 1999; Miles and Ellis, 2001; Salutsky et al., 1970) .
The recovery of nitrogen and phosphorus to be used for land application is accomplished without a significant cost, except the cost of adding chemicals that provide the ions that form struvite. Especially considering the limited resources of phosphoruscontaining rocks in the world, fixing phosphorus more within the sludge would help to compensate the need for phosphoruscontaining fertilizer for agricultural purposes. For example, the Western European phosphate industry has set up a goal to reuse 25% of the recovered phosphate as a raw material within 10 years (Fielding, 2000) .
The released nitrogen and phosphorus during anaerobic digestion of WAS can be fixed within the anaerobic sludge, by promoting the formation of struvite by adding limiting struviteforming ions. Formation of struvite requires a molar concentration ratio of Mg:NH 4 :PO 4 of 1:1:1 in the solution. Typically, the Mg 2+ ion is one of the limiting reactants for struvite formation, and its addition has become a common practice to initiate struvite formation in wastewaters (Doyle and Parsons, 2002 
Materials and Methods
Waste Activated Sludge and Anaerobic Seed Cultures. The WAS was collected from a domestic WWTP in Melbourne, Australia, and used without thickening. It was filtered through a screen of 1.0-mm mesh size and stored at 4uC before use. The characterization of WAS was made within 6 hours of sample collection, and it is given in Table 2 . The mixed anaerobic culture used as a seed was obtained from the anaerobic sludge digesters of the same plant. It was filtered through a screen of 1.0-mm mesh size and concentrated by settling before being used as an inoculum. It was stored at 4uC before use. The characterization of the seed was made in the first 6 hours of sampling, and the results of the analyses are given in Table 3 .
Experimental Setup. To determine the anaerobic biodegradability and biogas production from WAS and nitrogen and phosphorus removal efficiencies in the presence and absence of struvite-forming chemicals, biochemical methane production (BMP) experiments (Demirer and Chen, 2004; Erguder et al., 2000; Gungor-Demirci and Demirer, 2004; Owen et al., 1979) were performed.
Eleven batch anaerobic reactors (Supelco, Bellefonte, Pennsylvania), with 120 mL of total volume, were operated. Duplicate reactors were operated for the control, namely SC1 and SC2. The effective volume of the reactors was 75 mL. Initially, 25 mL of concentrated anaerobic seed, 50 mL of WAS, and varying amounts of magnesium chloride (MgCl 2 concentrations of the ions approximately equally in the reactors, so to not to limit struvite formation, as NH 4 + and PO 4 32 ions are released during anaerobic digestion without disturbing the performance of the digester. After adding all of the necessary components, the reactors were flushed with 100% nitrogen gas (N 2 ) for 5 minutes and maintained in a shaking water bath (Stuart Scientific, Staffordshire, United Kingdom) at 3562uC and 100 rpm.
The performance of the reactors was monitored by measuring the daily biogas production for 34 days. , and soluble total nitrogen and phosphorus, to remove fine particles from the sample, which may interfere with the analytical measurement techniques. The gas produced in each reactor was measured using a water-displacement device . The content of methane (CH 4 ) in the biogas was determined as follows. A known volume of the headspace gas (V1) produced in a serum bottle used in the BMP experiments was syringed out and injected to another serum bottle, which contained 20 g/L potassium hydroxide (KOH) solution. This serum bottle was shaken manually for 3 to 4 minutes, so that all of the carbon dioxide (CO 2 ) was absorbed in the concentrated KOH solution. The volume of the remaining gas (V2), which was 99.8% CH 4 , in the serum bottle was determined by means of a syringe. The ratio of V2/V1 provided the content of CH 4 in the headspace (Erguder et al., 2000) . The methane content of biogas was determined in six duplicate samples and found to be 64.2 6 3.9%.
Results and Discussion
The cumulative gas production (CGP) in each reactor is shown in Figure 1 . As seen from Figure 1 , the addition of struviteprecipitating chemicals resulted in lower initial gas production rates in R2, R4, and R6, which had the higher initial Mg 2+ and PO 4 32 concentrations. For example, R2, R4, and R6 had CGPs of 23.6, 37.6, and 47.7 mL, respectively, while the average CGP in the control reactors was 52.3 ( Figure 1 ) on day 4. However, these reactors recovered from this initial inhibition in gas production, and their CGPs reached that of the control reactors on day 13 (Figure 1) . The possible mechanism resulting in the observed inhibition in gas production could be the cation (i.e., Mg 2+ , in this case) toxicity (Kugelman and Chin, 1971) . The IC 50 (the inhibitory concentration of a chemical resulting in 50% reduction in microbial activity) values for Mg 2+ and sodium (Na + ) were 1900 and 7400 mg/L, respectively (Kugelman and Chin, 1971 /L and 1496.5 to 1995 mg Na + /L, respectively) are considered, it is probable that the observed reduction in the gas production of the reactors can be explained partially, at least, by cation toxicity. The observed inhibitory effect of PO 4 32 on CGP agrees with the study of Carliell-Marquet and Wheatley (2002), who investigated the effects of phosphorus enrichment on digester performance and metal and phosphorus speciation. They reported that high concentrations of soluble PO 4 -P (.250 mg/L) were found to have a retarding effect on anaerobic digestion, reducing the rate of volatile solids digestion and methane production compared with the control digesters. This was found to be reversible after a period of time, which was related to the amount of PO 4 -P added to the digesters, with higher concentrations of PO 4 -P requiring more time for digester recovery. Except for the blank, which did not have anaerobic seed, the final CGP in all reactors was more or less within the same range (Figure 1 ). The CGP in the control reactor was 126.5 mL, while the minimum and maximum CPGs (113.8 and 134.1 mL) were observed in R4 and R1, respectively. When the normalized final CGPs (the CGP in the reactors relative to the control on day 34) are considered (Figure 2) , it is clear that the addition of Na 3 PO 4 ?12H 2 O to the anaerobic reactors resulted in approximately 10% reduction in the CGP. The gas production in the other reactors was 2.4 to 6.0% higher than that in the control reactors. The gas production data in the test reactors revealed that the addition of struvite-precipitating chemicals into mesophilic anaerobic reactors digesting WAS did not inhibit methane generation, but reduced gas production by 10% in R4. However, all the reactors with Mg 2+ addition and one reactor with both Mg
2+
and PO 4 32 addition (R8) exhibited 96 to 106% CGP relative to the control reactors.
After monitoring the performance of the reactors with respect to daily biogas production, the total and soluble COD (COD t and COD s , respectively), NH 4 + , and PO 4 32 concentrations and pH were measured at the end of day 34 (Table 5 ). As seen from Table 5 , pH values varied between 6.73 and 7.11 in all test reactors, which are within the normal operating range for methanogenic anaerobic reactors (Speece, 1996) . When Figure 2 is evaluated, it can be seen that the CGP data represented the COD removal data fairly well, except for R2 and R3. Gas production in anaerobic reactors commonly is used, especially in routine monitoring, as a substitute of COD (or biochemical oxygen demand) measurements, because it is an easy and quick method of assessing the biotransformation of organic material in the system. By anaerobic stoichiometry, COD removal and gas production data can be related easily (Speece, 1996) . However, the sensitivity and dependability of COD measurements generally is considered to be better than gas measurement(s). In this study, COD data were used to evaluate the performance of the reactors (Figure 2) . According to the normalized final COD data, as depicted in Figure 2 , R1, R2, R3, and R4 achieved 8.5, 4.6, 15.4, and 7.0% greater COD t removal relative to the control reactors, while the rest of the reactors removed up to 4.0% less COD t relative to the control reactors. In summary, the anaerobic digestion performance in the reactors varied between 24.0 and 15.4% relative to the control reactors. The objective of the study was to combine anaerobic digestion and nutrient removal through struvite precipitation in the same reactor. To this end, enhanced nutrient removal, at the cost of reduced anaerobic digestion performance, is not desirable. The normalized COD t data discussed above revealed that the maximum COD t removal reduction is 4.0%, which can be considered as a loss that can be recovered by pretreatment Hartmann et al., 2000; Schieder et al., 2000) , phase separation (Demirer and Chen, 2004, 2005b) , or enhanced process configuration (Demirer and Chen, 2005a) .
The increase of nutrients during anaerobic digestion, which was reported by other researchers (Cheng and Liu, 2002; Demirer and Chen, 2005a, 2005b; Lusk, 1998; Martin et al., 2003; Noike et al., 2004) , also was observed in this study. This is evident when the initial (Table 4 ) and final ( increased by 3.4 and 1.3 times during the anaerobic digestion of WAS, respectively. It also was observed that the Mg 2+ ion concentration increased from 25.2 to 38.3 mg/L, which is the result of solids degradation during the process. The composition of the solution in the digester initially had a molar concentration ratio of Mg:NH 4 :PO 4 of 1.0:11.4:3.8, which changed to 1.0:25.6:3.1 at the end of experimentation period in the control reactor. This demonstrates that Mg 2+ and PO 4 32 ions are both limiting reactants for struvite formation at the beginning and end of digestion, because it requires a Mg:NH 4 :PO 4 molar ratio of 1:1:1 according to its stoichiometry. Therefore, these ions should be provided to initiate the controlled struvite formation in the reactors. However, at the same time, the addition of these ions may deteriorate the performance of anaerobic digestion by decreasing the removal of COD. In the study of Uludag-Demirer et al. (2005) , the addition of Mg 2+ to obtain a concentration in the range 217 to 869 mg/L and PO 4 32 in the range 2007 to 4014 mg/ L indicated that higher concentrations of these ions may decrease the performance of the digestion process considerably. Therefore, lower concentrations for Mg 2+ and PO 4 32 were provided in the reactors to modify the composition of the solution, to avoid the inhibitory effects of these ions on the digestion, while fixing NH 4 + and PO 4 32 ions in the form of struvite as they are released. Some reactors were dosed only Mg 2+ to adjust their concentration to a range of 1.2310 22 to 2.2310 22 M to observe the effect of Mg 2+ concentration on the composition of the solution during digestion. The results are given in Figure 3 tions of each ion was calculated based on the initial concentrations (Table 4) ; the increase in concentrations was shown as a value in the positive y-axis region, while a decrease was shown as a value in the negative y-axis region. The plot shows that the addition of Mg 2+ ions to the reactors bound mainly free available PO 4 32 ions rather than NH 4 + ions. The concentration of NH 4 + increased as digestion proceeded, regardless of the initial Mg 2+ ion concentration. However, the observed increase in NH 4 + concentrations was not higher, but was actually slightly lower than that in the control reactor. This may indicate that the formation of struvite was not promoted enough in these reactors, because the removal of NH 4 + in a closed system in the presence of excess Mg 2+ ion is expected to be mainly by struvite formation. This could be because the PO 4 32 ion was the limiting reactant throughout the process. On the other hand, the removal of the PO 4 32 ion was observed in an increasing trend as the initial Mg 2+ concentration increased. . The change in the concentrations of each ion was calculated based on their initial concentrations (Table 4) for each reactor, to compare the changes observed in the control reactor. The results are shown in Figure 4 . The increase and decrease in the concentrations during digestion were shown in the positive and negative y-axis regions, respectively.
As the initial concentrations of Mg 2+ and PO 4 32 were increased, the amounts of fixed Mg 2+ , NH 4 + , and PO 4 32 increased, which indicated the formation of insoluble species containing these ions in the solution, including struvite. The concentration of NH 4 + increased in all of the reactors during day 34 of digestion; therefore, the change in the concentration of this ion from the beginning until the end of operation is shown in the positive y-axis region in Figure 4 Figure 5 ). The NH 4 + removal efficiency increased with the higher initial PO 4 32 concentration added to the reactor (Table 4 and Figure 5 ).
The reactors that were provided with Mg 2+ only (R1, R3, R5, and R7 and Table 4) had PO 4 32 removals that were 30.1 to 48.8% higher than that of the control reactor ( Figure 5 ). The efficiency of PO 4 32 removal increased with the concentration of Mg 2+ added to the reactor (Table 4 and Figure 5 ). The normalized PO 4 32 removals for the reactors with PO 4 32 addition (R2, R4, R6, and R8) were higher than 1, as depicted in Figure 5 . The percent removal efficiencies of PO 4 32 in R2, R4, R6, and R8 were 57.9, 58.5, 55.7, and 46.0%, which were much higher than those of the other reactors, which ranged between 13.1 and 36.4%.
Conclusions
The addition of Mg 2+ and PO 4 32 ions to anaerobic digesters, in which WAS was the substrate, was done to control the release of NH 4 + and PO 4 32 during anaerobic digestion via their fixation as solid species, including struvite. The results showed that the release of NH 4 + and PO 4 32 can be controlled by promoting the formation of solid species, without jeopardizing the performance of the anaerobic digestion. The performance of the anaerobic digestion in the reactors changed between 24.0 and 15.4% relative to the control reactor based on COD t removal. The increase in NH 4 + concentration during digestion was observed in all of the reactors; however, the final concentration of NH 32 removals and the amount of struvite particles retaining or leaving the digester should be investigated in a reactor operating in continuous mode, to test the performance of the proposed technique and determine the risk of causing clogging in the hydraulic works of the reactor under the conditions simulating the state of a digester in operation.
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